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Objective: Osteoarthritis (OA) is a degenerative joint disease characterized by the progressive loss of
articular cartilage. While macroscale degradation of the cartilage extracellular matrix (ECM) has been
extensively studied, microscale changes in the chondrocyte pericellular matrix (PCM) and immediate
microenvironment with OA are not fully understood. The objective of this study was to quantify oste-
oarthritic changes in the micromechanical properties of the ECM and PCM of human articular cartilage in
situ using atomic force microscopy (AFM).
Method: AFM elastic mapping was performed on cryosections of human cartilage harvested from both
condyles of macroscopically normal and osteoarthritic knee joints. This method was used to test the
hypotheses that both ECM and PCM regions exhibit a loss of mechanical properties with OA and that the
size of the PCM is enlarged in OA cartilage as compared to normal tissue.
Results: Signiﬁcant decreases were observed in both ECM and PCM moduli of 45% and 30%, respectively,
on the medial condyle of OA knee joints as compared to cartilage from macroscopically normal joints.
Enlargement of the PCM, as measured biomechanically, was also observed in medial condyle OA carti-
lage, reﬂecting the underlying distribution of type VI collagen in the region. No signiﬁcant differences
were observed in elastic moduli or their spatial distribution on the lateral condyle between normal and
OA joints.
Conclusion: Our ﬁndings provide new evidence of signiﬁcant site-speciﬁc degenerative changes in the
chondrocyte micromechanical environment with OA.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is a joint disease characterized by progres-
sive degeneration and loss of articular cartilage, ultimately result-
ing in severe pain and disability. In the United States, over 27
million people suffer from OA, resulting in a total annual economic
burden of over 80 billion dollars1. While initially thought to be a
disease of “normal wear and tear” associated with advanced age, it
is now recognized that OA is caused by a complex interplay among
biochemical, genetic, and biomechanical factors (reviewed in
Ref.2,3) that is characterized by an imbalance between anabolic and
catabolic activities in joint tissues.: F. Guilak, Duke University
States. Tel: 1-919-684-2521;
Wilusz), zauscher@duke.edu
s Research Society International. PArticular cartilage derives its functional mechanical properties
from its extensive extracellular matrix (ECM) of type II collagen and
proteoglycans. InOA,ECMdegeneration is characterizedbyextensive
proteolysis of the type II collagen network4,5 and proteoglycans6,7.
Relationshipsbetween these structural changes andaltered cartilage
mechanical properties have been observed at all stages of OA
degeneration. Loss of ECM mechanical properties has been charac-
terizedat themacroscale8e10,microscale11,12, andnanoscale11 inboth
human tissue and experimental animal models. Results at all length
scales consistently show that cartilage properties in tension,
compression, and shear decline with increasing disease severity.
While most investigations of changes in cartilage properties
with OA focus on themacroscale properties of the ECM,many of the
enzymes responsible for cartilage degradation, such as matrix
metalloproteinases or aggrecanases, are synthesized and secreted
by the chondrocytes13,14. For this reason, the microenvironment of
chondrocytes may be signiﬁcantly altered in early OA, before
degenerative changes are apparent in the ECM at the macroscopicublished by Elsevier Ltd. All rights reserved.
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rounded by a narrow region known as the pericellular matrix
(PCM) that together with its enclosed cell forms the functional unit
known as the chondron15. The PCM is distinct from the bulk ECM in
its biochemical composition, the predominant presence of type VI
collagen16e18, ultrastructure19e21, and biomechanical properties22e
26. While the exact function of this matrix region is not fully un-
derstood, growing evidence suggests that it serves to regulate the
biochemical and mechanical environments of the chondrocyte27,28.
For example, enzymes and growth factors released by chondrocytes
must ﬁrst pass through the PCM, where they may be retained or
modiﬁed6,29,30. With OA, marked changes occur in the structural
and biochemical proﬁles of the PCM. Despite local enzymatic
degradation of PCM components4,6, enlarged chondrons are prev-
alent in OA cartilage31,32. This increase in chondron volume has
been attributed to the combined effects of a net increase in
biosynthesis and deposition of PCM macromolecules, most notably
type VI collagen31,33, and a loosely organized ultrastructure, asso-
ciated with an altered type VI collagen microﬁlament structure18
that contributes to abnormal swelling. These structural changes
are associated with a signiﬁcant loss of the biomechanical proper-
ties of the PCM. Micropipette aspiration studies revealed that
chondrons isolated from OA human cartilage exhibit Young’s
moduli that are 30e40% lower and permeability values that are 2e
3 times greater than those of chondrons isolated from healthy tis-
sue22,23. However, these previous studies involve physical extrac-
tion of the chondron from the tissue, which may result in
alterations in PCM structure and properties. Furthermore, the
micropipette aspiration technique cannot be used formeasurement
of ECM properties, and thus the extent of PCM degeneration
compared to that occurring in the local ECM cannot be directly
evaluated using the same measurement technique.
The objective of this study was to quantify osteoarthritic
changes in the micromechanical properties of the ECM and PCM of
human articular cartilage in situ using atomic force microscopy
(AFM). Using a technique known as elastic, or force-volume map-
ping26,34, AFM was used to collect arrays of indentation curves and
map spatial variations in elastic modulus over ECM and PCM re-
gions of human cartilage samples collected from macroscopically
normal and early OA knee joints. This approach was used to test the
hypotheses that both ECM and PCM regions experience similar
losses of mechanical integrity with OA, and that the size of the PCM
is enlarged in OA cartilage as compared to normal tissue.
Methods
Tissue sample preparation
Full thickness articular cartilage explants (8 mm diameter) were
collected from matched sites in the load-bearing regions of bothFig. 1. Human knee joints were classiﬁed as (A) macroscopically normal or (B, C) arthritic, b
the medial (M) or lateral (L) condyle. Representative knee joints for each Collins grade arefemoral condyles of eight adult human knee joints at autopsy (six
females, two males; age range: 53e83 years; one joint per indi-
vidual). None of the patients had a history of knee trauma or sur-
gery and none had clinically diagnosed OA. Furthermore, no
disruption of the major knee ligaments, patellar tendon, or menisci
was observed in any of the knee joints. Using the Collins grading
scale35, joints were classiﬁed as macroscopically normal (Collins
grade 0e1; N ¼ 4) or arthritic (Collins grade 2e3; N ¼ 4) based on
the presence and extent of surface ﬁbrillation, ﬁssures, and/or focal
defects on the condyles (Fig. 1). Degenerative changes were present
on the medial condyle of all four OA joints, with one joint also
exhibiting ﬁbrillation on the lateral condyle [Fig. 1(C)]. Cartilage
explants were wrapped in phosphate-buffered saline (PBS)-soaked
gauze and frozen at 20C for intermediate storage. In order to
minimize any effects associated with freezing, cartilage samples
underwent a maximum of two freezeethaw cycles following
collection36.
To evaluate ECM and PCM mechanical properties in situ using
AFM, cartilage samples were embedded in water-soluble embed-
ding medium (Tissue-Tek O.C.T. Compound; Sakura Finetek USA,
Torrance, CA) and were sectioned perpendicular to the articular
surface in 5 mm-thick slices using a cryostat microtome (Leica
CM1850; Leica Microsystems, Inc., Buffalo Grove, IL). Cryosection
thickness was selected based on the diameter of the spherical
probes used for AFM-based indentation. Cartilage slices were
collected on glass slides and washed thoroughly with PBS to
remove the water-soluble embedding medium prior to AFM
testing. Cartilage slices remained in PBS at room temperature for
the duration of mechanical testing. All testing was completed
within 4 h of initial sectioning of cartilage samples.
Mechanical characterization via AFM-based elastic mapping
Elastic moduli were mapped quantitatively with the use of a
stand-alone AFM (MFP-3D; Asylum Research, Santa Barbara, CA)26.
For microindentation, borosilicate glass spheres (5 mm nominal
diameter) were attached to the end of AFM cantilevers (k ¼ 7.5 N/
m; Novascan Technologies, Ames, IA). Indentation was applied by
ramping the cantilever displacement at a rate of 15 mm/s until a
trigger force of 750 nN was reached. On average, this force resulted
in indentation depths of 0.8e1.2 mm in ECM regions and 1.8e2.2 mm
in PCM regions.
PCM and ECM scan regions were located in the middle and
upper deep zones of the tissue (200e400 mm from the articular
surface) and selected based on microscopic examination of each
cartilage section. For evaluation of PCM elastic properties, 1600
indentations were sequentially applied over 20 mm  20 mm scan
regions, encompassing cell-sized voids in the cartilage tissue sec-
tion (n ¼ 15e16 regions per classiﬁcation). ECM elastic properties
were evaluated with 16 indentations in adjacent 20 mm  20 mmased on the presence and extent of surface ﬁbrillation, ﬁssures, and/or focal defects on
shown.
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classiﬁcation).
Data evaluation
Raw data for cantilever deﬂection and z-piezo movement were
analyzed using a custom MATLAB script (The MathWorks, Natick,
MA). A modiﬁed Hertzian contact model was used to calculate
tissue elastic moduli from collected force-indentation curves as
described previously37,38. Probe-surface contact was identiﬁed us-
ing a contact point extrapolation method39. The Poisson’s ratio was
assumed to be n ¼ 0.04 in both ECM and PCM regions based on
previously published values23,40. Based on the Hertzian contact
model, the presented modulus values can be converted to a
different value of n bymultiplying by the conversion factor (1  n2)/
(10.042), though the effect of Poisson’s ratio was minimal (12%)
over n¼ 0.04e0.35, the range reported in the literature for cartilage
PCM23,25. Hertzian contact mechanics provided excellent ﬁts to the
experimental data (R2> 0.90, calculated from the sum of squares of
the residuals and the total sum of squares). Two-dimensional
contour maps were generated of the spatial distribution of calcu-
lated elastic moduli in each scan region.
The use of a stand-alone AFM system required the use of a
distance-based deﬁnition of the PCM in order to provide a
consistent region for comparison across all samples tested, as
outlined previously26. Glass contact at the center of each cell-sized
void was readily apparent from the measured force-indentation
curves and used to deﬁne the edge of each cell-sized void. PCM
data were included for a region extending 1 mm radially from this
edge to provide a consistent deﬁnition across all samples. This
conservative deﬁnition likely underestimates the true extent of
the PCM17, particularly in OA cartilage where PCM thickness is
increased approximately 50%22,31, but allows for a direct compar-
ison of the same pericellular region in all samples. For each PCM
scan region, this pre-deﬁned region contained 100e200 total in-
dentations that were averaged to obtain the PCM elastic modulus
for that region.
To quantitatively evaluate the spatial distribution of moduli in
the chondrocyte microenvironment, modulus progression from the
PCM inner edge to the ECM was evaluated in radial increments of
0.5 mm. In this progression, the reported PCM moduli were
measured in the innermost 1 mm. Additional PCM and territorial
matrix (TM) regions were assumed to extend up to 3 mm radially
from the PCM inner edge19,20. ECM moduli reﬂect the properties
measured in the ECM region adjacent to each PCM scan region.
Immunoﬂuorescence for type VI collagen and histological staining
To visualize the PCM, unﬁxed cryosections (5 mm thick) of
cartilage from the medial condyle of macroscopically normal and
arthritic knee joints were labeled using immunoﬂuorescence for
type VI collagen. Sections were blocked in 10% goat serum (Invi-
trogen; Life Technologies, Grand Island, NY) for 30 min at room
temperature. Samples were incubated with primary antibody for
type VI collagen (anti-collagen type VI raised in rabbit, sc-20649;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at a 1:200 dilution
in 10% goat serum for 1 h at room temperature. After three PBS
washes of 5 min each, samples were incubated with secondary
antibody (AlexaFluor 488 goat anti-rabbit IgG; Invitrogen) at a
1:200 dilution in 10% goat serum for 1 h in the dark at room tem-
perature. Sections were washed three times with PBS and imaged
on a confocal laser scanning microscope (LSM 510; Carl Zeiss, Inc.,
Thornwood, NY).
Additional cartilage explants were collected from adjacent re-
gions on both femoral condyles for histological staining. Togenerate a transverse cross-section, these explants were cut in half
and ﬁxed overnight in formalin. Fixed explants were dehydrated in
ethanol, inﬁltrated with xylene, and embedded in parafﬁn for
sectioning. For histological staining, 10 mm-thick sections were
stained with Harris Hematoxylin with glacial acetic acid (cell
nuclei; Poly Scientiﬁc, Bay Shore, NC), 0.02% aqueous fast green
(collagens; SigmaeAldrich, St. Louis, MO) and Accustain Safranin-O
solution (proteoglycans; SigmaeAldrich).
Statistical analysis
For statistical analysis, each testing region was treated as an
independent sample within each group, normal and OA cartilage.
This assumption was made because articular cartilage exhibits
signiﬁcant spatial variations in properties across the joint36 and
with depth from the articular surface41 and experiences spatial
variations in loading patterns during joint motion42. As testing
regions were selected over the entire length of the sample andwere
not adjacent to one another, it is highly unlikely that the regions
within the same joint would have been inﬂuenced by each other or
experienced the same biomechanical environment in situ. In this
regard, cartilage mechanical properties appear to show much
greater variations spatially than among individuals.
Data were log-transformed for normality in statistical analyses.
Differences betweenECMandPCMelasticmoduli inmacroscopically
normal and arthritic cartilage were evaluated separately on each
condyle using a two-way analysis of variance (ANOVA) (region, dis-
ease state; level of signiﬁcancea¼ 0.05) and Fisher’s least signiﬁcant
difference (LSD) post-hoc test. As normal and OA cartilage was
derived from different joints, each testing site was treated as an in-
dependent sample in these comparisons. For inter-compartment
comparisons, differences in ECM and PCM elastic moduli between
the medial and lateral condyles were evaluated separately for each
region using a repeated measures ANOVA (a ¼ 0.05). Modulus pro-
gressiondatawere evaluated separately foreachdisease state using a
one-way ANOVA (distance; a ¼ 0.05) and Fisher’s LSD post-hoc test.
All data are presented as means with 95% conﬁdence interval.
Results
Histological staining and immunoﬂuorescence for type VI collagen
Histological staining qualitatively conﬁrmed the presence of
early degradative changes on the medial condyle of joints classiﬁed
as macroscopically arthritic by Collins grade (Fig. 2). OA cartilage
exhibited surface irregularities and a progressive loss of proteo-
glycan staining with depth as compared to macroscopically normal
tissue [Fig. 2(C)]. There were no differences in the staining proﬁles
observed on the lateral condyle between normal and arthritic
joints. The articular cartilage was smooth and regular and proteo-
glycan staining was present throughout the depth of the tissue.
Immunoﬂuorescence labeling illustrated distinct differences in
the distribution of type VI collagen in the pericellular space be-
tween normal and OA cartilage (Fig. 3). In normal cartilage, type VI
collagen was tightly localized around cell-sized voids. In contrast,
expanded type VI collagen labeling occurred around cell-sized
voids in OA cartilage and was faintly dispersed in ECM regions.
AFM elastic mapping of human articular cartilage
Elastic mapping of articular cartilage from the medial condyle
revealed a signiﬁcant loss of mechanical properties in both the PCM
and ECMwith OA. PCM elastic moduli in OA cartilage were reduced
by 30% (96  16 kPa) as compared to normal cartilage
(137  22 kPa; P ¼ 0.036 [Fig. 4(A)]). ECM elastic moduli in OA
Fig. 2. Safranin-O (red, proteoglycans) and fast green (collagens, blue) staining of cartilage sections from both condyles of (A, B) macroscopically normal and (C, D) OA knee joints.
Surface irregularities and a loss of proteoglycan staining are present in OA cartilage sections from the medial condyle. The AFM testing region in the middle and upper deep zones
(200e400 mm from the articular surface) is labeled in each image (yellow rectangle). Scale bar ¼ 300 mm.
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normal cartilage (491 112 kPa; P < 0.001). On the lateral condyle,
no signiﬁcant change in either PCM (P ¼ 0.814) or ECM (P ¼ 0.243)
elastic moduli was observed with OA [Fig. 4(B)]. On both condyles,
ECM moduli were signiﬁcantly greater than PCM moduli for both
normal and OA cartilage (P < 0.001).
Comparison between the condyles revealed distinct compart-
mental differences between macroscopically normal and OA knee
joints. In normal joints, there was no signiﬁcant difference
observed in ECM moduli between the condyles (P ¼ 0.21), but PCM
moduli were signiﬁcantly greater on the medial as compared to the
lateral condyle (P ¼ 0.048). In OA joints, ECM moduli were signif-
icantly reduced on the medial condyle as compared to those on the
lateral condyle (P ¼ 0.003) and there was no signiﬁcant compart-
mental difference between PCM moduli (P ¼ 0.24).
Spatial mapping of elastic moduli revealed alterations in the
biomechanically-deﬁned boundary of the PCM on the medial
condyle with OA as compared to normal tissue. In normal cartilage,
a thin matrix region exhibiting lower elastic moduli was observed
immediately surrounding cell-sized voids [Fig. 5(A)]. Moduli
increased with radial distance and reached ECM values within the
scan region. In OA cartilage, the matrix region with lower elastic
modulus was expanded and fewer regions exhibited ECM-like
modulus values within the scan region [Fig. 5(B)]. This radial
expansion was reﬂected in a shallow modulus gradient outward
from the PCM inner edge [Fig. 5(C)]. Furthermore, elastic moduli
failed to reach ECM-like values within a radial distance of 7.0 mm
from the PCM inner edge. In contrast, ECM-like modulus values
were observed at a radial distance of 6.0 mm from the PCM inner
edge in normal cartilage. There were no differences observed in the
PCM biomechanical footprint or outward modulus gradient on the
lateral condyle between normal and OA joints [Fig. 5(DeF)].Discussion
The ﬁndings of this study provide further evidence of signiﬁcant
micromechanical alterations in the articular cartilage PCM and ECM
with OA. On the medial condyle, AFM-based elastic mapping
revealed signiﬁcant alterations in both PCM and ECM elastic moduli
and their spatial distributions in OA knee joints as compared to
macroscopically normal tissue. Contrary to our initial hypothesis,
no signiﬁcant changes were observed in either PCM or ECMmoduli
on the lateral condyle.
Our ﬁndings provide insight into degenerative changes in the
chondrocyte micromechanical environment with OA. In compari-
son to previous micropipette aspiration studies on isolated chon-
drons, the AFM-based method utilized here has the important
advantage of allowing for direct evaluation of PCM mechanical
properties in situ while providing measurements of the local ECM
mechanical properties using the same method. The observed 30%
decrease in PCM elastic moduli on the medial condyle is compa-
rable to that reported previously for comparisons of mechanically
isolated chondrons from normal and OA cartilage22,23. Further-
more, our results suggest a direct relationship between the struc-
tural changes prevalent in OA chondrons18,31e33 and their altered
biomechanical properties.
Importantly, AFM micromechanical mapping provides a
detailed measure of the spatial distribution of the tissue elastic
properties in the vicinity of the chondrocyte. In agreement with the
observed expansion of immunoﬂuorescence labeling for type VI
collagen in the pericellular space, the biomechanical footprint of
the PCM was enlarged on the medial condyle of OA joints. Quan-
titative analysis of the collected elastic maps conﬁrmed the pres-
ence of a modulus gradient outward from the PCM inner edge. On
themedial condyle, a change in this gradient was observedwith OA
Fig. 4. Elastic moduli of cartilage ECM and PCM from the (A) medial and (B) lateral condyles of macroscopically normal (gray) and OA (white) knee joints. Testing regions from the
same joint are represented by the same symbol. a: P < 0.001 for normal ECM moduli as compared to OA ECM moduli on the medial condyle; b: P < 0.001 for ECM moduli as
compared to their respective PCM moduli on the medial condyle; c: P ¼ 0.036 for normal PCM moduli as compared to OA PCM moduli on the medial condyle; d: P < 0.001 for ECM
moduli as compared to their respective PCM moduli on the lateral condyle. Moduli presented individually as means with 95% conﬁdence interval represented by the black overlaid
lines (N ¼ 4 knees, n ¼ 15e16 regions per classiﬁcation).
Fig. 3. (A, B) Representative images of immunoﬂuorescence labeling of type VI collagen in cartilage from (A) macroscopically normal and (B) OA knee joints. Scale bar ¼ 100 mm (C,
D) Immunoﬂuorescence labeling revealed expanded regions that were positive for type VI collagen in the PCM of OA cartilage. Scale bar ¼ 25 mm.
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Fig. 5. Elastic mapping of PCM regions from the medial (A, B, C) and lateral condyles (D, E, F) of macroscopically normal and OA knee joints. (A, B) Representative contour maps of
calculated elastic moduli for PCM scan regions of (A, D) normal and (B, E) OA cartilage from both condyles. Contour maps are presented on the same graded coloring scale and cell-
sized voids are depicted in white. (C) Outward progression of elastic moduli from the PCM inner edge to the ECM of normal (gray) and OA (white) medial condyle cartilage. a:
P < 0.01 for normal cartilage moduli within 1.5 mm of the PCM inner edge (P < 0.001 for 0.5 mm and 1.0 mm; P ¼ 0.009 for 1.5 mm) as compared to normal moduli at a distance of
3.0 mm; b: P < 0.05 for OA cartilage moduli within 1.0 mm of the PCM inner edge (P ¼ 0.047 for 0.5 mm; P ¼ 0.016 for 1.0 mm) as compared to OA moduli at a distance of 3.0 mm; c:
P < 0.05 for OA ECM moduli as compared to all distances in OA cartilage (P < 0.001 for 0.5e5.0 mm; P ¼ 0.001 for 5.5 mm; P ¼ 0.004 for 6.0 mm; P ¼ 0.018 for 6.5 mm; P ¼ 0.046 for
7.0 mm). #: Normal cartilage moduli were not signiﬁcantly different from normal ECM values beginning 6.0 mm from the PCM inner edge (P ¼ 0.065 for 6.0 mm; P ¼ 0.191 for 6.5 mm;
P ¼ 0.478 for 7.0 mm). Moduli presented as means with 95% conﬁdence interval (N ¼ 4 knees, n ¼ 15e16 regions per classiﬁcation). (F) Outward progression of elastic moduli from
the PCM inner edge to the ECM of normal (gray) and OA (white) lateral condyle cartilage. d: P < 0.05 for normal cartilage moduli within 1.5 mm of the PCM inner edge (P < 0.001 for
0.5 mm and 1.0 mm; P ¼ 0.017 for 1.5 mm) as compared to normal moduli at a distance of 3.0 mm; e: P < 0.05 for normal ECM moduli as compared to all distances in normal cartilage
(P < 0.001 for 0.5e5.0 mm; P ¼ 0.002 for 5.5 mm; P ¼ 0.006 for 6.0 mm; P ¼ 0.017 for 6.5 mm; P ¼ 0.043 for 7.0 mm); f: P < 0.05 for OA cartilage moduli within 1.5 mm of the PCM inner
edge (P < 0.001 for 0.5 mm and 1.0 mm; P ¼ 0.016 for 1.5 mm) as compared to OA moduli at a distance of 3.0 mm; g: P < 0.05 for OA ECM moduli as compared to all distances in OA
cartilage (P < 0.001 for 0.5e5.5 mm; P ¼ 0.004 for 6.0 mm; P ¼ 0.017 for 6.5 mm; P ¼ 0.049 for 7.0 mm). Moduli presented as means with 95% conﬁdence interval (N ¼ 4 knees, n ¼ 15e
16 regions per classiﬁcation).
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slope of modulus vs distance from 54 kPa/mm in normal cartilage to
20 kPa/mm in OA cartilage. This gradient in mechanical properties
likely reﬂects the transitional structure of this region where type II
collagen ﬁber diameters increase with distance from the chon-
drocyte from the PCM to the TM to the ECM. Based on previous
numerical models43,44, the mechanical environment of the chon-
drocyte under static loading is not highly sensitive to the modulus
of the PCM as long as the PCM modulus is more than an order of
magnitude higher than that of the cell. Nonetheless, it is possible
that this complex structure and gradient in properties may have
signiﬁcant effects under large deformations or dynamic loading,
and further studies involving numerical models that account for in
homogeneities in PCM properties may provide new insights into
the function of this region.
Overall, the PCM moduli measured in this study fall within the
range observed previously for human cartilage PCM evaluated in
situ using AFM elastic mapping26 but are approximately two-fold
higher than those reported for isolated chondrons (96e137 kPa
vs 41e66 kPa)22,23. This difference may reﬂect changes in PCM
properties that occur during isolation due to damage or swelling
following loss of matrix integration with the surrounding ECM.
The isolation procedure can signiﬁcantly alter the structural and
mechanical integrity of chondrons, as evidenced by the 30- to 50-
fold difference in the measured mechanical properties of enzy-
matically27,45 as compared to mechanically isolated chon-
drons22,23,27. Therefore, it is possible that mechanical isolation also
alters PCM properties as compared to chondrons in situ. This dif-
ference may also be attributed to differences in the joint of
cartilage origin (i.e., hip vs knee) or to physical differences in
loading with each testing modality (i.e., AFM-based indentation vs
micropipette aspiration).While macroscale degradation in articular cartilage has been
extensively studied, the progression of microscale changes is not
well understood. Away from the articular surface, type II collagen
and aggrecan degradation epitopes are ﬁrst observed in PCM/TM
regions and later appear in the bulk ECM4,6. Furthermore, reduced
type IX collagen staining has been reported in OA chondrons,
reﬂecting a disruption of ﬁbrillar collagen organization5. Since
chondrocytes produce many of the catabolic enzymes implicated in
OA, including aggrecanases and matrix metalloproteinases13, local
matrix degradation may originate in the PCM and progress into the
local ECM. This microscale progression of chondrocyte-mediated
degradation may be a signiﬁcant contributor to PCM mechanical
expansion and the altered cell micromechanical environment
observed in this study.
In agreement with previous studies that demonstrate a signiﬁ-
cant decrease in cartilage macroscale compressive properties with
the onset and progression of OA8e10, medial condyle ECM micro-
scale elastic moduli decreased 45% in OA cartilage as compared to
macroscopically normal tissue. Contrary to our initial hypothesis,
no signiﬁcant change was observed in either ECM or PCM elastic
moduli on the lateral condyle. In knee joints with uni-
compartmental OA, the mechanical properties of the “unaffected”
compartment are also compromised despite the often normal
macroscopic appearance of the tissue at total joint arthroplasty46.
The lack of alteration on the lateral condyle observed in the present
work is likely indicative of the relative health of our early-stage OA
cartilage samples as compared to end-stage OA joints, which can
exhibit widespread cartilage degeneration. Difﬁculties with sample
preparation and testing of severely ﬁbrillated and ﬁssured tissue
prevented end-stage OA cartilage from being included in this
analysis. Overall, measured ECMmoduli are in excellent agreement
with macroscale modulus values previously reported for normal
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similar moduli between the medial and lateral condyles in normal
joints36. This consistency in ECM properties at the micro- and
macroscales suggests that the sample preparation methods in this
study (i.e., frozen sectioning) do not have signiﬁcant effects on
cartilage mechanical properties.
The mechanical environment of the chondrocyte is highly
dependent on the relative mechanical properties of the cell, the
PCM, and its local ECM27,43,47e49. Thus, alterations in themechanical
properties of any of these components may result in an abnormal
mechanical signaling environment in arthritic joints. While OA
chondrocytes exhibit signiﬁcantly higher elastic and viscoelastic
properties as compared to normal chondrocytes50, our results
illustrate that the cartilage PCM and ECM exhibit signiﬁcantly lower
microscale elastic moduli with OA and also present evidence for
alterations in the ratio of PCM to ECM properties. The PCM:ECM
modulus ratio increased from 0.36  0.06 in macroscopically
normal medial condyle cartilage to 0.56  0.13 in OA cartilage.
Disruption of the relationships among cell, PCM, and ECM moduli
coupledwith the loss ofmechanical integrity of the bulk ECMwould
result in signiﬁcantly increased cell strains in OA as compared to
normal cartilage under the same applied load. Exposure to supra-
physiological strains has been associated with down-regulation of
proteoglycan synthesis and increased proteoglycans release from
cartilage explants in vitro51e53, highlighting the potential metabolic
effects of altered mechanical signaling. Such alterations in the me-
chanical environment can exacerbate matrix depletion in OA and
contribute to the loss of cartilage matrix with disease progression.
In our study, the use of a stand-alone AFM system required the
use of a distance-based deﬁnition of the PCM in order to provide a
consistent region for comparison across all samples tested. While
the measured PCM moduli reﬂect those of the region extending
1 mm radially from the edge of each cell-sized void, this conservative
deﬁnition likely underestimates the true extent of the PCM17,
particularly in OA cartilage where PCM thickness is increased
approximately 50%22,31. While microscale indentation yields moduli
that reﬂect macroscale measurements54, there are limits in lateral
resolution associated with using micrometer-sized indenters for
AFM elastic mapping, as performed here. Since the contact radius
for a spherical indenter scales with tip radius and indentation depth,
contact radii were larger in lower modulus PCM regions than in
higher modulus ECM regions. Contact with adjacent ECM regions
during indentation would result in artiﬁcial stiffening of PCM
moduli at the PCM periphery. The pre-deﬁned 1 mmPCM regionwas
selected to minimize these effects. Further work using a hybrid AFM
system integrated with an optical microscope would allow for
simultaneous elastic mapping and ﬂuorescence imaging, facilitating
the use of a more precise, biochemical deﬁnition of the PCM, such as
immunoﬂuorescence labeling of type VI collagen55 or perlecan56,57.
Overall, our study provides further evidence of signiﬁcant
degenerative changes in articular cartilage at the microscale with
OA. Our ﬁndings provide new insight into the micromechanical
environment of the chondrocyte in the early stages of disease
progression, demonstrating radial expansion of the PCM biome-
chanical footprint in addition to a loss in mechanical integrity. A
detailed mechanical characterization of PCM alterations
throughout the progression of OA could be applied to theoretical
models of the chondrocyte microenvironment at multiple scales58
to better understand alterations in cellular stress and strain to
improve our understanding of the speciﬁc contributions of me-
chanical loading to cartilage degeneration in OA.
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